Gauge fields of mixed symmetry, corresponding to arbitrary representations of the local Lorentz group of the background spacetime, arise as massive modes in compactifications of superstring theories. We describe bosonic gauge field theories on constant curvature spaces whose fields are in irreducible representations of the general linear group corresponding to Young tableaux with two columns. The gauge-invariant actions for such fields are given and generally require the use of auxiliary fields and additional mass-like terms. We examine these theories in various (partially) massless regimes in which each of the mass-like parameters vanishes. We also make some comments about how the structure extends for gauge fields corresponding to arbitrary Young tableaux.
Introduction
Gauge fields of mixed symmetry type are present in the spectra of massive modes after the compactification of superstring theories. The details of the compactification determines the representation of the local Lorentz group of the spacetime that these massive fields inhabit. In four-dimensional Minkowski space all the massive bosonic fields correspond to totally symmetric tensors, which can be labeled by the integer spin classifying irreducible representations of SO (3) . However, in spacetime dimension D > 4 these irreducible tensor representations generally correspond to Young tableaux with arbitrary numbers of rows and columns.
For the case of massless fields, the description of these more exotic tensor gauge theories in higher dimensional Minkowski space has been given in [7] , [8] , [9] and is discussed in many earlier references [13] , [14] , [15] , [16] , [17] , [11] , [12] . The massive case is discussed in [22] , [23] . Each of these works is concerned with formulating the theory in terms of a finite number of gauge fields.
In anti-de Sitter space, gauge-invariant actions for interacting totally symmetric tensor gauge fields have been constructed in [18] , [19] for D ≤ 5. In higher dimensions D ≤ 7, the associated higher spin symmetry algebras and field equations for these theories are also known [20] . The caveat in these descriptions is that they must be written in terms of an infinite number of fields, plus an infinite number of constraints, which can lead to a system with a finite number of physical degrees of freedom.
A further subtlety is that, unlike in flat space, there is no clear definition of masslessness for fields on spaces of constant non-vanishing curvature. That is, many equivalent properties of massless free field theories in flat space like the absence of explicit mass terms in the Lagrangian, gauge invariance, conformal invariance, saturation of unitarity bounds and decoupling of compensator fields become independent constraints in curved space. Indeed, unlike in flat space, explicit mass-like terms (i.e. terms that are quadratic in fields but containing no derivatives) are generically present in the Lagrangians of gauge theories in curved space. For the purposes of this paper, and as is common in the literature, we will take the property of masslessness of a gauge field in curved space to be synonymous with the existence of a gauge-invariant description for such a field. More precisely, given a massless gauge-invariant action for a single gauge field in flat space then we define the corresponding field in curved space to be massless if there exists an action for this field that is invariant under all the gauge symmetries of the corresponding theory in flat space (and which reduces to this massless action in the limit of vanishing cosmological constant). Alternatively, we define the corresponding field in curved space to be partially massless if there only exists an action for this field that is invariant under some (but not all) of the gauge symmetries of the corresponding massless theory in flat space (and which also reduces to this massless action in the flat space limit). A field not falling into the two categories above will be generally be referred to as massive. An example of a single field that has a massless description in curved space is the graviton (corresponding to the Young tableau of GL(D, R)). An example of a single field that has only a partially massless description in curved space is the field coresponding to the Young tableau of GL(D, R) (sometimes called the 'elbow' or 'hook' field). The existence of only partially massless descriptions of certain more general tensor gauge fields in anti-de Sitter space -corresponding to 'non-rectangular' Young tableaux -is discussed in [3] . Our results are consistent with the observations in this reference.
In this paper we attempt to describe general tensor gauge theories on spaces of constant curvature explicitly in terms of a finite number of gauge fields. This is motivated by the work [1] and we generalise the results found there to give a description of all bosonic gauge field theories on constant curvature spaces whose fields are in irreducible representations of the general linear group corresponding to Young tableaux with two columns. In section 2
we review some preliminary results concerning the theory of bi-forms on spaces of constant curvature. This will be the natural framework in which to discuss gauge fields corresponding to Young tableaux with two columns. In section 3 we attempt a minimal extension to curved space of a single massless field in flat space. It will be found that a fully gauge-invariant (or massless) action can be constructed for Young tableaux with both columns of equal length and for Young tableaux with one column of zero length (corresponding p-form gauge fields).
For Young tableaux with columns of unequal (and non-zero) length, it will be found that only a partially gauge-invariant (or partially massless) action can be constructed, after restricting to a set of one-parameter gauge transformations. In section 4 we introduce additional fields and describe fully gauge-invariant actions for massive fields (corresponding to any Young tableau with two columns) in flat and curved space. The derived field equations for these theories will be found to correspond exactly (in a certain (partially) massless limit) to those found by Metsaev [6] for general gauge fields in anti-de Sitter space (in physical gauge).
In curved space, many of the features we find, like cosmological constant dependent mass bounds and the existence of partially massless limits, are reminiscent of similar studies in [2] , [21] , [4] (for totally symmetric tensor fields)
1 and correspond exactly with the examples in [1] (for three different Young tableaux with two columns). In section 5 we conclude by discussing how the structure generalises to classify gauge fields corresponding to Young tableaux with any number of rows and columns. In particular we determine the number of auxiliary fields required to describe the most general massive gauge-invariant action.
Bi-form operators
We begin by describing the theory of bi-forms whose structure will naturally arise when discussing gauge fields corresponding to Young tableaux with two columns. Much of this material is based on the bi-form structure of tensor fields over the D-dimensional flat Minkowski space R D−1,1 (with Minkowski metric η) given in the earlier works [7] , [8] , [9] , though now we consider tensors over any
(with metric g) of constant curvature proportional to Ω (such that M D (0) ∼ = R D−1,1 in the Ω → 0 limit of zero curvature). A discussion of Young tableaux can be found in [10] .
We take the Riemann tensor R of M D (Ω) to have components
where square brackets denote antisymmetrisation. This convention implies the cosmological constant equals
Ω so that Ω positive and negative correspond to the D-dimensional
de Sitter (dS D ) and anti-de Sitter (adS D ) geometries respectively [5] . The canonical LeviCivita connection ∇ (defined such that ∇ ρ g µν = 0) is then used to define covariant derivatives 1 For example, the authors of [4] consider the field equations for massive totally symmetric tensor gauge fields on spaces of constant curvature. In addition to the usual gauge symmetry of the massless bosonic field equations they also find certain reduced gauge symmetries of the massive field equations in (a causally connected region of) de Sitter space, for particular values of the mass-squared (which are proportional to the cosmological constant). It is these values that they call 'gauge lines' in the (mass-squared)-(cosmological constant) plane and theories with these masses that they call partially massless.
which satisfy
on any one-form V µ .
Bi-forms
Consider the GL(D, R)-reducible tensor product space of p-forms and q-forms X p,q := Λ p ⊗Λ q on M D (Ω) whose elements are
where the components A generalisation of the exterior wedge product defines the bi-form T ⊙ T ′ ∈ X p+p ′ ,q+q ′ , for any T ∈ X p,q and T ′ ∈ X p ′ ,q ′ , by
This definition gives the space X * := (p,q) ⊕X p,q a ring structure with respect to the ⊙-product and the natural addition of bi-forms.
The standard operations on differential forms generalise to bi-forms. There are two exterior derivatives on X p,q . The left derivative
and the right derivatived
whose actions on T are given by
Notice that the action of these two exterior derivatives is metric-dependent. This is to be contrasted with, say, the action of exterior derivation on differential forms on a torsionless
Riemann manifold. Since covariant derivatives do not commute on M D (Ω) (except in flat space where Ω = 0) then it is clear that neither of the exterior derivatives above square to zero nor do they commute with each other. The Ω-dependent result of these squaring and commuting operations will be given later after some more bi-form operators have been introduced.
Since M D (Ω) is orientable then one can also use the invariant volume form |g| ǫ µ 1 ...µ D to construct two inequivalent Hodge duality operations on bi-forms. There is a left dual * :
and a right dual * :
where indices are raised using the inverse metric tensor g µν . These definitions imply
is pseudo-Riemannian) and * * = * * .
This allows one to also define two inequivalent 'adjoint' derivatives
Again, neither of these two adjoint derivatives is nilpotent and they do not commute with each other (except when Ω = 0).
A trace operation
can be defined by
Consequently, one can define two inequivalent 'adjoint trace' operations
andσ
so that
It is also useful to define a map
by (20) where the action in (20) is identical to the ⊙-product with the metric tensor g µν , so that
Some operator identities and an inner product
Having all the necessary bi-form operators at our disposal, it is now convenient to note some identities which will be useful for the forthcoming discussion. On a general element T ∈ X p,q
where ∇ 2 := g µν ∇ µ ∇ ν . Similar relations to those above hold for operators with tildes (they are obtained from (21) by exchanging tilded with untilded operators and switching p ↔ q).
In the bi-form notation, many of these relations look the same as those described in flat space in [8] , [9] . In particular, of the algebraic and differential operators defined above it is only the form of the differential-differential operator relations that is modified by Ω-dependent
Some further useful identities are
acting on any bi-form T ∈ X p,q . The corresponding identities for the tilded operators follow by exchanging the notion of left and right in the manner described above. Note that the identities (22) do not follow for each term in each of the series above, it is only after summation with the precise coefficients above that these results hold.
We conclude this section by describing an appropriate inner product for bi-forms that will be used extensively in later sections when writing action functionals for bi-form gauge fields.
Given two bi-forms U, V ∈ X p,q then we define their inner product (U,
with indices raised using the inverse metric g µν . This definition implies that
for any U ∈ X p−1,q and V ∈ X p,q (with suitable boundary conditions). A similar result also holds for the tilded derivatives. Furthermore, for any
A consequence of these results and (22) are that the inner products
and
are each well defined for any A ∈ X p,q and that
under any infinitesimal change δA in A. The reason for the nomenclature of these two inner products will become clear in later sections.
Young projection
The 
which indeed satisfies
for p ≥ q (using (21)) and alsoσ
A final important result is that
for any bi-forms U, V ∈ X p,q .
Single bi-form gauge fields on M D (Ω)
In this section we attempt to formulate the (massless) action for a single [p, q] tensor gauge field on M D (Ω) that preserves all the gauge symmetries of the corresponding massless action in flat space. The procedure involves a straightforward generalisation of the construction for a massless field in flat space [7] , [8] , [9] . It will be found that this is only possible for gauge fields corresponding to Young tableaux with either equal length columns (i.e. for p = q) or one zero length column (i.e. for p ≥ 0 and q = 0, corresponding to p-form gauge fields). For unequal lengths (i.e. for p > q > 0), the theory can only be made invariant under a restricted set of one-parameter gauge transformations in curved space (and is therefore only partially massless). The resulting field equations for these theories will be compared to those found by Metsaev [6] for general single gauge fields in anti-de Sitter space (in physical gauge).
Massless bi-form gauge theory in flat space
We begin by briefly reviewing the construction in flat space (a more detailed discussion can be found in [7] , [8] , [9] ). The expressions in section 2 can still be used here by replacing given by
The ordering of exterior derivatives in F A is unimportant in flat space. This field strength is also irreducible and therefore satisfies the first Bianchi identity σF A = 0 (andσF A = 0 if p = q). Moreover, since the left and right exterior derivatives are both nilpotent in flat space then F A also satisfies the second Bianchi identities
This field strength is invariant under the gauge transformation
for bi-form parameters α ∈ X p−1,q andα ∈ X p,q−1 . Notice that these parameters do not have to be irreducible themselves for gauge-invariance of F A though we will take them to be irreducible [p − 1, q] and [p, q − 1] tensors in the forthcoming discussion as this will be necessary in curved space.
The gauge-invariant action for A is given by
where E A is the generalised Einstein tensor for A given by
Gauge-invariance of (37) follows from the fact that d † E A = 0 andd † E A = 0 identically which in turn follow from the second Bianchi identities (35). The action (37) corresponds to (26) in flat space. (28) then implies that the field equation for A is E A = 0 in flat space which reduces to the equation
This equation is non-trivial, in the sense that it does not imply that the whole field strength
The requirement of non-triviality of this field equation will become a consistency condition when we discuss massive fields. In physical gauge, (39) reduces to the equations
where We conclude the discussion in flat space by examining the precise form of the gauge transformations (36) when we take the parameters α andα to be GL(D, R)-irreducible. In the bi-form notation the expressions we derive will take the same form in both flat and curved space (and are particularly useful when doing calculations in curved space). Since we assume p ≥ q then there are two distinct cases to consider: p > q and p = q.
Using the results of the previous section then one finds the gauge transformation (36) becomes
The above expression is annihilated by σ, as expected.
and the gauge transformation can be written
Clearly this transformation is more complicated than the p > q case though the leading terms can all be expressed in terms of the one parameterα ′ :=α − σα. Moreover these leading terms take the same form as those forα in the p > q case above if one formally sets p = q in (42). The difference is that now σα ′ = −σ 2 α = 0. One can however obtain a consistent set of one parameter transformations for the p = q case by demanding σ 2 α = 0 (even though σα = 0). This is equivalent to demanding that σα be irreducible. This means that all the n ≥ 2 terms in the sum in (44) vanish and the transformation for p = q is just as in (42) for p > q but with parameters α ′ = 0 andα ′ (since now σα ′ = 0). This one-parameter gauge transformation is annihilated by both σ andσ, as required. It is these one-parameter transformations for tensor gauge fields with p = q that will be preserved when Ω = 0.
Minimal extension to bi-form gauge theory on M D (Ω)
By minimal we mean that no additional fields will be introduced at this stage and we try to extend the results in flat space to describe a single type [p, q] tensor gauge field A (with
The minimal extension of the gauge transformation (36) is to replace the flat space exterior derivatives with those defined in (7) which are covariant on M D (Ω). This is the only covariant gauge transformation that can be written for A without the addition of extra gauge parameters.
The proposed field strength F A is given by
for some constant k. This reduces to the corresponding flat space field strength (34) when Ω = 0. Since the two exterior derivatives no longer commute then one could choose a different ordering of derivatives in (45) though, using (21) , this would just correspond to a redefinition of the constant k. The field strength F A is a GL(D, R)-irreducible tensor of type [p + 1, q + 1] since it satisfies the first Bianchi identity
withσF A = 0 ifσA = 0 when p = q. Since each of the exterior derivatives is not nilpotent then F A does not automatically satisfy the second Bianchi identities since
This means that dF A = 0 if k = −1 whilstdF A = 0 if p = q and k = −1. Consequently, the covariantised form of the generalised Einstein tensor in flat space (38), defined as the
is no longer automatically conserved on M D (Ω). In particular, the identities
Consider now the covariantised action
, in terms of the inner products (26) and (27) . Notice that the first part S A is kinetic (that is it contains derivatives), just as in flat space, though the second term M A (containing no derivatives) is like a generalised mass term for A. Under any infinitesimal variation δA, the variation of this action (using (28) and (29)) is given by
Such an action is therefore invariant under the covariantised gauge transformation δA =
• dα +dα provided that either δF A = 0 (i.e. F A is gauge-invariant which implies δE A = 0) or (using (24) and (33)
Following (49), the latter of these two conditions is only satisfied for both p = q and k = −1. This is, of course, assuming that both parameters α andα are non-vanishing. If one considers the set of one-parameter gauge transformations inα (with α = 0) then the action (50) is gauge-invariant provided only k = −1 (for any p ≥ q).
Considering now the first of the gauge-invariance conditions above then one finds that δF A = 0 only ifσα
Taking both the gauge parameters to be irreducible and non-vanishing then the equations 
equation.
More precisely, given the action (50) for a gauge field A ∈ X [p,q] , then the field equation is
for D = p + q. In physical gauge, (53) reduces to the equations
which describe the solutions above in physical gauge when k = −1 (for p = q and p > q when α = 0) and when k = p − q (for p > q whenα = 0). Since it will only be these two values of k that will be of interest in the forthcoming discussion, we define
The physical gauge equations (54) are identical to those found in [6] [6] in anti-de Sitter space unless q = 0 (i.e. except for the case of p-form gauge fields). This is perhaps to be expected since the physical equations for a single p > q > 0 gauge field found here depend on whether one began with the k = −1 or k = p − q solution whereas the physical gauge equations for a single p > q > 0 gauge field in [6] are unique and correspond to the k = −1 solution here. It is for a q = 0 pform gauge field that the k = p − q physical gauge equations derived here correspond to those for a p-form gauge field in [6] . A further subtlety is that the physical gauge equations in [6] for p > q > 0 gauge fields are invariant under any gauge transformations whose two independent parameters satisfy appropriate physical gauge equations themselves. In contrast, the p > q > 0 solutions are derived here from an action which is only invariant under a restricted set of one-parameter gauge transformations. The way to reobtain the Metsaev type physical gauge equations for general p > q > 0 gauge fields in anti-de Sitter space from a fully gauge-invariant action will be described in the next section.
Massive gauge fields on M D (Ω)
We now consider adding extra fields to construct fully gauge-invariant actions for general gauge fields of type [p, q]. The inclusion of an arbitrary mass term for the original field A ∈ X [p,q] explicitly breaks gauge invariance and so the extra fields can be viewed as the appropriate compensator fields required to restore gauge invariance. This section is intended as a generalisation of the work [1] in order to describe gauge-invariant actions for gauge fields corresponding to any Young tableaux with two columns. In curved space, many of the features we find like Ω-dependent mass bounds and the existence of only partially massless limits agree precisely with the examples given in [1] and are reminiscent of similar studies of massive totally symmetric tensor gauge theories in [2] , [21] , [4] . The physical gauge equations for these theories are found in certain partially massless limits and complete agreement is found with the results of [6] in anti-de Sitter space. We also discuss the unitarity of the massive theory in flat and anti-de Sitter space.
Massive bi-form gauge theory in flat space
We begin by describing the construction of gauge-invariant actions for general type [p, q] massive gauge fields in flat space. Consider the action for a massive gauge field A ∈ X [p,q] of mass m in flat space, given by 
. It may seem that one should then introduce four more gauge fields as compensator fields for each of these parameters. However, one must take into account that the original gauge transformation δA vanishes identically for gauge parameters
where
. This means that these parts of the general gauge transformation for A are not responsible for any symmetry breaking.
Therefore one does not need to introduce compensator fields for β andγ in (57) and only one independent compensator field C ∈ X [p−1,q−1] for bothβ and γ, with gauge transformation
for any parameters ε ∈ X To summarise, for p > q there are four fields in total (A, B,B, C) with eight independent gauge parameters (α,α, β,β, γ,γ, ε,ε). For p = q then there are three fields which can be taken to be (A,B, C) (by putting B = 0 in the set above) and four independent gauge parameters (α, γ,γ,ε) (by putting (α, β,β, ε) all equal to zero 6 ).
For p > q, the appropriate gauge transformations for these fields, in terms of all the gauge parameters, are given by
with coefficients chosen precisely so that the action
+2m
is gauge-invariant. Notice that these formulas are valid for any value of m ∈ R so that one can take the massless limit m → 0 of (61) to obtain the decoupled actions for the 6 One must set β andβ equal to zero for consistency with B = 0 whilst α and ε are set to zero since p = q and so p − 1 = q − 1. is not gauge-invariant but can be made so by introducing a compensating scalar field φ. The massive redefined field A, the four equations of motion become the physical gauge equations
where each of the four equations above is simply the redefined form of the field equation for each of the original fields (A, B,B, C) respectively.
Massive bi-form gauge theory on M D (Ω)
We now repeat the procedure above for a massive gauge field A ∈ X 
with coefficients chosen so that the action
+2
. Gauge invariance of (64) also demands that the two real numbers µ 1 and µ 2 be related such that
Consequently there is only one unfixed 'mass' parameter in the equations above. For general gauge parameters in the transformations (63) (i.e. which satisfy no special properties other than GL(D, R)-irreducibility), the gauge-invariant action (64) is unique, with all coefficients in (63) and (64) being fixed by gauge-invariance.
It is clear that in the flat space Ω → 0 limit the expressions above reduce to those described in the previous subsection with m 2 = µ 1 2 = µ 2 2 (so that µ 1 = ±µ 2 = m). In curved space however there are many qualitatively different features of the model that we will now describe. Note that the cosmological constant has the effect of shifting the values of all the mass-like terms in (64) so that, in particular, B andB now have non-vanishing mass-like terms.
The most striking feature of (64), for Ω = 0, is the absence of a limit in which both µ 1 and µ 2 tend to zero. This is, of course, due to (65) which constrains these parameters to lie on hyperbolic curves in the µ 1 -µ 2 plane for the Ω = 0 geometries, which asymptotically approach the straight lines µ 1 = ±µ 2 at infinity (these two lines correspond to the allowed values of µ 1 and µ 2 in Minkowski space) [see Figure 1 ] The two diagonal lines µ 1 = ±µ 2 partition the µ 1 -µ 2 plane into four sectors. For the adS D geometry, the hyperbola lies in the upper and lower sectors only whilst, for the dS D geometry, it lies only in the left and right sectors. Given a fixed absolute value of the cosmological constant then for either of the Ω = 0 geometries, neither of the parameters µ 1 and µ 2 can take values within a circle of radius
One can, of course, take both µ 1 = ±µ 2 = m = 0 in Minkowski space.
Taking the µ 2 → 0 limit in adS D decouples the system with fields (A, B,B, C) into two subsystems with fields (A, B) and (B, C) (for p = q then one has the single (massless) field A decoupled from (B, C)). The decoupled fields have the gauge transformations
under which the decoupled actions
and To consider the unitarity of the theory on adS D , we now reintroduce a non-vanishing mass parameter µ 2 . In physical gauge, the equations of motion derived from (64) become
The Laplacian equation in (70) can be solved using standard techniques in anti-de Sitter space (for example, see [24] and references therein). The energy of a given solution is determined by the two roots of a single quadratic equation (satisfied by the eigenvalues of the Laplace equation at the boundary of adS D ). In particular, the energy of a solution is only real provided the two roots are also real. Real energy therefore requires the argument of the square root in the expression for the two roots to be non-negative -this is the Breitenlohner-Freedman unitarity bound [25] . Solving the Laplacian equation in (70) leads to the Breitenlohner-Freedman bound
for the fundamental field A. 9 Since we have assumed all masses to be real throughout this paper then (71) is satisfied identically on adS D . As is typical in anti-de Sitter space however, if one analytically continues this assumption so that negative values of mass-squared are allowed then it is clear that the Breitenlohner-Freedman bound above can be saturated.
Taking the µ 1 → 0 limit in dS D again decouples the system with fields (A, B,B, C) into two subsystems but with fields (A,B) and (B, C) (for p = q then one has the single (massless) field C decoupled from (A,B)). The decoupled fields have the gauge transformations 
and Finally, it is worth noting that another gauge-invariant system exists on M D (Ω), even though it cannot be obtained as a consistent limit of the action (64). To arrive at this system, begin by taking p = q and then considering the transformations (63) and action (64) without the constraint (65) on the two parameters µ 1 and µ 2 . Evidently (64) is no longer gauge-invariant, however, by then taking µ 1 = µ 2 = 0 with B =B = 0 one obtains 5 Arbitrary massive gauge fields on spaces of constant curvature Having described gauge fields corresponding to any Young tableaux with two columns on M D (Ω), we conclude by making some remarks on how the structure is generalised to describe arbitrary representations of GL(D, R). In particular we give a procedure for determining the appropriate set of fields necessary to make the massive system gauge-invariant. This description uses the generalised multi-form construction. We will therefore very briefly review the parts of this construction that are relevant to the forthcoming discussion (a more detailed description (in flat space) can be found in [7] , [8] , [9] , [11] , [12] ).
can then be used to set d † A = 0 and τ A = 0 respectively (on-shell). The remainingγ ∈ X [p,q−2] gauge parameter generates a trivial symmetry of the redefined theory above.
Multi-forms
A multi-form of order N is a tensor field T over M D (Ω) that is an element of the GL(D, R)-reducible N-fold tensor product space of p i -forms (where i = 1, ..., N), written
The components of T are written 
(with implicit antisymmetrisation of each set of µ i and µ j indices).
Each of the exterior derivatives (79) is not nilpotent on M D (Ω) and they do not commute with each other since
with no implicit summation of any repeated labels.
Massive multi-form gauge theory
It is evident, for example from (84), that relations between multi-form operators in curved space become very complicated in the most general case. This makes a full classification of all gauge fields, corresponding to arbitrary Young tableaux, more difficult. Nevertheless, recall that the analysis of the extra compensator fields required to maintain gauge-invariance in the massive system can be done in flat space. We therefore perform this analysis for general multi-form gauge fields that are irreducible under GL(D, R).
Consider a gauge potential that is a tensor A in an arbitrary irreducible representation of GL(D, R) whose components have the index symmetry of an N-column Young tableau with p i cells in the ith column (it is assumed p i ≥ p i+1 ). A given multi-form A ∈ X p 1 ,...,p N is in such an irreducible representation if The gauge transformation for A is given by
for any N gauge parameters α (i) ∈ X p 1 ,...,p i −1,...,p N . As for the bi-form case, we now take these gauge parameters to be irreducible, such that α 
for any parameters ζ 
13
In general, at the rth iteration of this procedure one has Note added : While this work was in preparation, the two papers [26] and [27] appeared which describe massless gauge-invariant theories for fields of mixed symmetry in (anti-)de
Sitter space. In particular, [27] also constructs massless gauge-invariant actions for fields corresponding to any Young tableau with two columns in anti-de Sitter space. These references consider only (partially) massless fields in curved space and they are described via a first order formalism which is somewhat different to the description given here. Nonetheless, there is clearly some overlap in the content of this paper with that of these works.
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